The paper reports the study of the complexation processes in aqueous solution of α-CD and DMSO. Cyclodextrins (CDs) (sometimes called cycloamyloses) are cyclic oligosaccharides formed by glucose units interconnected by α-(1,4) linkages; α-CD is one of three the most common CDs. It consists of six glucopyranose units. The speed of ultrasonic waves has been measured by the resonance method on Resoscan TM System apparatus. Some collateral data, such as density and heat capacity of the system, have also been measured. On the basis of the experimental data the excess adiabatic compressibility was determined. The extremes of the excess adiabatic compressibility function for different mixture compositions allowed us to establish the composition of molecular complexes formed in the solution. The obtained results suggest the formation of the α-CD with DMSO inclusion complexes with chemical stoichiometric ratio value of 1:1.
Introduction
Cyclodextrins (CDs) have attracted a lot of interest over the years from research community, pharmaceutical companies, food industry and agriculture. Dex-trins are very attractive components of artificial enzymes and other biomimetic materials and they are well-known compounds to form inclusion complexes with a variety of guests molecules. CDs are small cyclic maltoologisaccharides with six to nine glucose residues. Their molecules are often described as a torus. Cycloamyloses are aqueous soluble species; hydrogen bonding readily occurs between the hydroxyl groups projecting from ring and water. The interior may be filled with water molecules when they are present in the aqueous environment (Nascimento et al., 2004; Dsouza, Lipkowitz, 1998; Szejtli, 1992; Immel, Lichtenthaler, 1995; Miecznik, Kaczmarek, 2007) . The structure of cyclodextrins provides a hydrophobic cavity that allows formation of inclusion complexes with a variety of non-polar organic molecules of an appropriated size. The driving forces leading to the inclusion complexation of cyclodextrins involve electrostatic interaction, van der Waals interaction, hydrophobic interaction, hydrogen bonding and release of conformational strain (Liu, Guo, 2002) .
Mixtures of water with dimethyl sulfoxide (DMSO) are used as a solvent and a chemical reaction medium and play an interesting role in some biochemical processes. Studies of thermodynamic and transport properties of the DMSO and water system led to the accepted conclusion that in the mole fraction range of x DMSO = 0.3 to 0.4 the DMSO-water interactions due to hydrogen bonds are at a maximum (Sikorska, Linde, 2008; Żwirbla et al., 2005) . However, there is still some disagreement of whether specific hydrogen bonded complexes are formed (Kaatze et al., 1989 (Kaatze et al., , 1990 . Antioxidant properties of DMSO are used to remove excess acids from the body. DMSO is also often used as a drug carrier in conventional chemotherapy and in treatment of virus diseases due to its ability to easily penetrate infected cells. In case of cancer DMSO is especially useful in treatment of hard-to-reach tumors, e.g. within the brain (Last, 2013; Wang et al., 2012) . However, there is still a whole lot of debate going on about the possibility of using DMSO in clinical practice, its recommended doses and proper application. One method of carrying DMSO within the body is by complexes it may form with sugar, so the question arises whether α-CD is able to form inclusion complex with dimethyl sulfoxide.
Material and methods
The velocity of ultrasonic wave was measured by a resonance method (Lautscham et al., 2000 ; Eggers, Kaatze, 1996) using a ResoScan TM System (Germany) apparatus. The ultrasonic velocity is determined from a series of resonance frequencies of the resonator cell recorded during initialization. Then, only a single resonance peak (chosen automatically) is tracked, and from the changes of resonance frequency of this peak, the ultrasonic velocity is evaluated. Path length is fixed and equal to about 6 mm. ResoScan TM System permits the measurements of the ultrasonic velocity with the accuracy of ±0.01 m s −1 in two sample cells (0.200 ml capacity) in frequency range 7.3-8.4 MHz with temperature precision ±0.05 • C. Because of the high sensitivity from the multiple reflections of sound waves in resonators and because of the advantage of employing continuous wave signals, resonator techniques (sometimes named interferometers) are preferred for small volume sound velocity measurements.
The density was measured using a microprocessor gauge of the DMA 38 type by Anton Paar. This instrument permitted density measurements up to 3 · 10 3 kg·m −3 with an accuracy of ±2 · 10 −1 kg·m −3 . The isobaric molar heat capacity was measured by using DSC Q2000 (TA Instruments) with temperature accuracy of ±0.01 K and temperature precision accuracy of ±0.01 K.
α-cyclodextrin (α-CD) (FLUKA, > 98%) and DMSO (FLUKA, > 99.9%) were used without further purification. Solutions were prepared by using first distilled, and then deionized water. The samples were prepared in two stages. Firstly, the initial aqueous solutions H 2 O:α-CD at the ratio of 550:1 (∼ 0.1 mol/l) and another one H 2 O:DMSO at the same ratio, were made. Then, the two solutions were mixed in different compositions. Because the number of moles of H 2 O was the same in both aqueous solutions, that is 550, and only the amount of remaining components was changed, it could be assumed that water was only the environment (surrounding) in which the interaction between α-CD and DMSO takes place. The influence of the environment was assumed to be "weak"; in the beginning water molecules remained in their initial structures but then they were modified during complexation process. Thus, the solution was in fact pseudo-binary and not ternary one. The concentration in mole fraction was defined as x 2 = n 2 /(n 1 + n 2 ) where x 2 was the mole fraction of DMSO, and n 1 , n 2 were the number of moles of α-CD and DMSO, respectively; x 2 = 0 corresponds to a pure aqueous α-CD solution and x 2 = 1 to a pure aqueous DMSO solution. In all, 18 samples were prepared and the measurements were carried out in the temperature range 293.15-313.15 K in increments of 10 K. The maximal error of the solutions concentration, which includes solvent losses by evaporation during samples preparation, was estimated to be better than ±0.0001 mole fraction.
Results and discussion
No matter what experimental method is used, the properties of the complexes can be determined only if their lifetime is longer than the time constant of the given method. Otherwise only average values are measured. In the first case, one determines the dependence of the given parameter on the concentration of the complexes in the solution while in the second case one studies the deviation from the additivity rule that is the excess quantities. The composition of molecular complexes formed in the solution due to the intermolecular forces is determined on the basis of the correlation between the deviation from reference system of some thermodynamic quantities and the composition of the mixture.
Very useful tool to study intermolecular forces, that are present in solutions and liquid mixtures, is ultrasonic method. This is achieved through evaluation of adiabatic compressibility of a system, κ S , from precisely measured set of densities, ρ, together with the ultrasonic speeds, c, (at low frequency, for example 1 MHz) which are linked by the so-called Newton-Laplace equation
Since the process of acoustic wave propagation in real systems is dissipative (thus irreversible) the compressibility determined from Eq. (1) is rather adiabatic than isentropic. The results of the ultrasonic velocity measurements are listed in Table 1 and presented in Fig. 1 . The measured density values for the system studied are given in Table 1 and Fig. 2 . Adiabatic compressibility, κ S , can be transformed into its molar counterpart via the relation
where V m is the molar volume. Since the right hand side in the above equation is a second derivative of the molar Gibbs energy, its values are particularly sensitive to any change in the solution composition. Taking into account the way of the solutions preparation, the molar volume, V m , was calculated from the relation:
where M i is the molar mass of the i-th component. Excess function of adiabatic molar compressibility of the solutions expresses its deviation from the ideal (with no interaction between molecules) mixtures and is defined as However, some thermodynamic parameters such as adiabatic compressibility do not obey so-called ideal mixing law
so the ideal adiabatic compressibility must be evaluated from the well-known thermodynamic identity:
where K T is the isothermal compressibility, α p -the isobaric expansibility, and C p -the heat capacity at constant pressure. Assuming the ideal mixing rules for all the variables present in the Eq. (6), except adiabatic compressibility, one arrives to the following formula for the molar adiabatic compressibility of an ideal mixture (Douhéret et al., 2005) :
where A * p,i is the product of the molar volume V m,i and the isobaric expansivity α * p,i , C * p,i is the isobaric molar heat capacity, K * S,i is the product of the molar volume V i and the adiabatic compressibility κ * S,i referred to "pure" i-th liquid component. In our case the "pure" components are the initial solutions, e.g. for x 2 = 0 and x 2 = 1. The values of isobaric expansivity for pure components, α * p,i , were calculated from density measurement data using the relation When analyzing the dependence of density on the system composition ( Fig. 2) , nearly linear behaviour is observed for the system (α-CD + H 2 O + DMSO). The curves for different temperatures are parallel and there is no maximum/minimum whatsoever. Effect of temperature on the processes occurring in the system is the same as in the initial solution. In contrast, the dependence of ultrasonic speed on the system composition is strongly non-linear ( Fig. 1) . Kawaizumi et al. (1997) explain the appearance of a maximum in the ultrasonic speed with the formation of free complexes in the solution, and the position of maximum velocity indicates the type and composition of the complexes.
The values of K E S,m were calculated according to the Eqs. (4) and (7) , and their dependence upon composition was fitted to Redlich-Kister polynomial,
The values of the parameters a i and their standard deviations σ i were determined using the least-square procedure employing Marquardt's algorithm with all data points weighted equally, and are listed in Table 2. The results of the fit shown in Fig. 3 reveal that K E S,m < 0 over the whole mole fraction and temperature range. Because the measured values of K s,m are smaller than those of the ideal ones, the new solution structure is more packed and rigid. The observed minimum depends on temperature and DMSO concentration ( Table 2 ) and shifts from x 2,min = 0.489 at T = 288.15 K to x 2,min = 0.438 at T = 313.15 K. 
Conclusions
The ultrasonic investigation of formation of the inclusion complexes in aqueous solution of αcyclodextrin and DMSO leads to the following conclusions:
1. In aqueous solution of α-cyclodextrin and DMSO supramolecular structures are formed. The driving force standing behind the formation of inclusion complexes could be pushing out of the polar molecules from the hydrophobic gap which leads to the state of lower energy (Szejtli, 1998) . The strength of chemical bond depends on the matching of guest and host to one another and can change with temperature. The formation of complexes does not involve the formation nor breaking of covalent bonds. The new stable structure of particular composition is formed. 2. In the system studied a strong molecular interaction occurs between the host and the guest molecules, which is indicated by the local maximum of the ultrasound velocity. The position of the maximum velocity depends on the temperature and shifts from x 2,min = 0.489 mole fraction of DMSO at T = 293.15 K to x 2,min = 0.438 mole fraction of DMSO at T = 313.15 K. This is confirmed by the negative values of the excess adiabatic compressibility across the entire composition and temperature ranges, which means that the deviation from ideality is in the direction of greater resistance to compression (i.e. enhanced rigidity). 3. The position of the velocity maximum at x 2 = 0.5 mole fraction of DMSO corresponds to the minimum of the excess compressibility. Although the position of the minimum of excess compressibility changes slightly with temperature, its value remains close to 0.5 mole fraction of DMSO which suggests the formation of the molecular complexes with stoichiometric ratio of 1:1. The factor determining the ability of cyclodextrin to make complexes is the size of the interior cavity of the torus which depends on the number of glucopyranose units. Basing on theses parameters it was found that α-cyclodextrin can make complexes with aliphatic units and the compounds of small molar mass, like for example DMSO (Reijenga et al., 1997) .
